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Summary

Most of the parazcters of o wodern lincar accel-
erator can be sclected by simulating the desjired ma-
chine characterisiics in a vorputer code and chserving
how the paramcters altecr the bean dvnamics.  The code
FARMILA! 1is uscd at LiWF for tne low-cnerpy pertion
of linacs. Collections of particles can be traced
with a free cheice of input distributions in six-di-
mensional phase space, TKandom errors ave ofren In-
cluded in order to stndy tvhe tolirances which shouid
be imposed during manufacture or in operartlon,

Once a machine is built, the sinulation can be
put te arnother use = that of modeling the actual, ob-
served behavior.  If a nodel of good fidelitv can be
found, it can be used in many wvays: for example, to
understand what s happening at intermediate points
unobservablie in practice. A most inportant use is ‘o
derjve optimunm settings for the accessible varlables,
Often the eftect of Imperrections can be largely alle-
viuted or circunvented ouce it s reallzed that they
are present and e actual measuremenuts are used In
the model. This tectmniqu= his been successfully ap-
plicd® to the auestion of lonpitudinal tuning ol the
eide~coupled linac portfon of L24'F, and is here ap-
plied to the sare problem In rhe low-energy porticon
of the accelerator, We have incorporated as many of
the actual mcasured physical para-cters as possible
into the code, and have round it necessary to include
a wore comprehensive treatrent of the beam dynamics in
arder to obtain agreement between the model and exper-
imental observatlons, The paper outlines the modifi-
cations made to the model, the results of experiments
which indicate the validity of the model, and the use
of the model to optimize the longitudinal tuning of
the Alvarez linac.

Introduction

The first cavity, or tank, ol the LAMPF linac is
A 3l1-ccll, uncompensated, zero-nmode Alvarcz structure
operating at 201.23 ‘Mz, with an axlal clectric field
distribution deslgned to increase linearly from 1nput
to output. There are three more tanks in the Alvarez
portion which bring the particles to 100 MceV. Each of
these arc post-coupler stabillzed, with uniform 1ield
distributicas., All four tanks have a desipn ;5= -26".

The linac 1is preceded by two bunchers, buth operating
at 201.25 Mz, The phase and amplitude of the rf in
the
baslc problem is how to sct these paraneters for opti-
muwn acceleration characteristics.

The procedu 2! for accemplishing this tuning is
to 8can an area around thc desired cperating point,
looking for a strongly characteristic pattern which
When the
pattern is achieved, the model tells how to make the
final settings. In this instance, the wmodel and the
tune are inextricably interwoven.

It has been observed in practice that the pre=-
dicted shape: could not be found in detatl), although
the general features were presenc. There were indica-
tions that the discrepancies cccurted in the first
tank, Therefore we undertook to experimentally deter-
mine the operating characteristics of the 201,25 Mlz
accelerator and to f{mprove the modeling until agree=~
ment was obtafined. This report cencentrates on the
first tank; the results for tanks 2-4 were casler to
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obtain and are used in developing the final tuning

strategy.
Model Developmznt
The Experimert

The goal c¢f the experiment was to map out t-e

longitudinal acceptance of the first tank of the _-MPF
201,25 Mz linac.

Conceptually, the experiment i1s sizple. A —ono-
energetic, dc beanm {s rransported to the linaec. Then
the transmlssion througzh the first twe zanks (wit™ the
cccond tank unexcited) is measured by a copper ath:scrber

as a function of the rf amplitude of the first terk

(hereafter called an axplitude scan). Then te mz- out
the acceptance it is cnly necessary to zmplirude . -an
at different injection energies. We dic this over a
range 720-790 kev (Flg. 1). VFinally, we changed ::n
axial electric field dictribeticn (zilt) ia tank and
repeated the above cxperiment. We did this for six
differenc tiltes,

Each amplitude scan contains {nformation ir :zer

of the amplitude setpoint (ASP) below which there s no
transeission (hereafter called the cuteff), and o=
shape of the curve relating particle transmission o
the ASP. From tliem, we alm ar determining the calibra-
tion factors which 311 allow us to set the filell -0
the desired level.

Data :\na]xsl._q"

There ate four sets of information to be related:
accelerator stucture and quadrupole magnet mecasure-
ments: the exrpcrinent data; and the siculation exseri-
ment calculated using the FARMILA mcdel.

We have bead pull dsta for nine Jdifferent tilts,
We chose to do no swoothing to these discributions, but
Instead to use them exactly as measured. The fleld
level in the tank was controlled at a probe in ccll 26,
go ve normalized all the flelds to the design PATMILA
vialue in that cell.

As the data analvsis procecded, 1t became evident
that there was disagreemcent between the experimenczal
end theoretical data. Since the quad gradients have a
gtrong influenc: on the dynamics, all cf the operating
currents were mecsured. The gradients were entered in-~
to the code and a significant part of the disagreeuent
was removed.

To get a preliminary connection between AST and
percent of design field, we did a linear least sguares
fit to the amplitude scan cutoffs in ASP versus the
calculated cuteffs as a percent of design fileld cover
the entire energy spectrum for one tilt setting, allow-
ing for an injection cnetgy calibration offset.

The amplitude scan data were manipulated i{n ma-
tiix form using the AFL language. Cubic spline ==coth-
ing was used, and the curves wer: extended to allow
interpolation over energy. Two types of fitiing were
neceasary,

First it was necessary to relate the exper!i=ental
transmission to the PARMILA transmission. The ccriect
way to do this would be to measure the current a: the
entrance of the linac and compare it to the current
transmitted through tank 2. This transmission ratic
could then be compared directlv to the percent of par-
ticles transmitted in PARMILA. The trunsmission at
the end of tank 2 wag ceasured but the current ceisure=
ment 4t the input of rhe linac was {naccurate. This



left the relat.on between experimenrtal and PAILILIA
trancaission Indeterainace; the cversight vas resolved
by normalizing the ezgeritental Jiic to cpree with the
PAIMILA data at 106G of design field for cach ene: v,
We then iterated on this normalization by using a gain
factor which varied from €.90 (o 1.U5 and chese tie
gain factors vhich pave the best it to the Jdaca.

The sum of deviarions squared was then ainimized
by searchin; over ener;y orfsets. The result is an
inject.on energy calibration ofrset accurate to 0.1
keV, a fina' linvar relation betw.en ASP and field,
and a set oi transmission zala factors.

The last stc¢p necessary to relate the experimen-
tal data to Lhe PARMILA data was to relate the exper{-
mental tilt to the bead pull tilr concicions by cali-
brating the movement of the tank heads.

The Nodel

At the outset of cur study, PARMILA incluled the
effects of quadrupole risalignaeuts and reasured axfal
electric field distributions. Arcificial phase and
energy discrimination were usuall; used to deterunine
particle transrmissfon, uUn cluser iav=atigation, {t
was found that very low cnergv particles were trans-
ported through tank 2. This led us r., use radial in-
pingement on the drife tubes as the ouly loss mechan=-
ism.

PARMIIA allows single as well as multi-particle
calculations. Although we are malnly concerned with
the longitudinal dynenics, we cannot nepglect the trans-
verse influence when sirulating actual exrerirents.
Duce to computationel liritatzions, Lle is difficult to
do Bix-direnzionnl calculantinna. wWe clrcunvented this
problem by finding a transverse position wiich repre-
rented the averape transverse behavier and uslnpg this
as an input value in subsequent runs. (For our bean,
the transverse space (x,x',v,y') = (0,2 ¢=,0,0,0) was
a g~od cholce.) That is, the traasmission cutoffs
wvere nearly the same for the displaced pencil beam as
for a beam with a randomly filled trunsverse phise
spaca.

Actual as-bullt measurcments were used for the
longitudinal positioning «f drift tubes and drift tube

lenpthe. The gap and cell lcnsgtn errers enter into
the calculation of the ecnergy gain per cell:

dw . ..

Freh EOLI cos(os+_.

The quantity EOL is the integral along the axis of the
axial electric fiecld., 1t is obtained from lbead pull
data and so it ic straightforward to include the
length erroras in the calculation.

Ti.e sccond quantity which ia affected is the tran-
it time factor, T. An approximate form for T is

Io(Zﬂr/L)
Io(Zna/L)

ain(mg/L)
ng/L

Tw

where a 1is the radius of the bore hole, This approxi-
mation ia poor for determining T, but it is good for
determlning AT. In PARMILA we use

Ag,L+4L) = T(

T T(g,L) PARM

PARM

which 1s pood to 2%.

Finally, straggline effecrs in the copper absorb-
ers used in the expericents are also taken into account
in the PARMILA calculations,

Figure 1 shows a family of amplitude scans for on«
field tilt setting, assuming an enerpy offset of 5.8
xeV. Flgure 2 shows the cutofls versus encrgy for six
exper{mental tilte and nine bead pull tilts, The firat

experimental tilt snd the first beoal pull zIle narch
with both heals at zechanical 1t-dts,  The rTesulr.
march the head calibration as they chould.,  There -re
two sots of data shiown for experirental ti?e 1, to-en
two weeks apart anl showleg the reproducibility to bhe
within 1%,

From the above, we fucl that our model satis«fzc-
torily represents the real linac, In the mext ~ec:ion,
we will dlscuss an application o this model to the Ln-
vestigation of a specifile question in longitudinsg! beanm
dynar.ics.

Modc) Applicativn

The Compromise DMesign

The actual ax{al electric fl{eld distribution as
measuted by bead pulls varies greatly from the desian
di: tribution (Fig. 3) and the larpe flucluzzions in the
first few cells drive a large longitudinal cscillation,
(The rechasism which 1s used to produce the tiltec
field, 1.e., changing the gap lLingths of ecnly tie Iirst
and lnast cells, produces these flucrtuarions.) The beam
gets a 25° kick in the flrst cell. The gezl of cur in-
vestiparion is to determine, for the existing linz:, aa
input phase and encrgy aad a field tilt which wou
mini{rmize the lonsttudinal phase oscillaticsn, tall oen-
eration, and cmittance grewth., It is alse desiraZle to
have a small ZE at thc end of tank 1, so t-e suhscjuent
oscillation ean be miniwmized by properly p=asing tink 2,

Compronlse Desien Procedure

The parameter space of energy and phase varfation
from design (AFE,. ;) and electric field eil: was ex-
plored. The aim was to pick a polrt in this space
which would give a srall overall phase oscillaticz in
tank 1 and in tink 2. Bead pull tilts 1, 2, and 3 for
a reglon in (/AE,! %) centered around (8 keVv, -25") sat-
faffed the above criteria and were relatively fnseansi-
tive, l.e., moving away from the minimur along eit'ier
axisn resulted in only a small Incrcase in the amplitude
of the phose oscillation,

The -25° in phase is easy to understand as this is
the amount by which the phase s kicked in the f[irst
cell., The 8 keV offsct pgets the beaa through the re-
gion of the large field fluctuaticns (the first few
cells) with approximately the correct cnergy to be near
the synchronous encrgy for the remainder cf the tank.

In order to refine tha choice of parazeters, it is
necessary to do multi-particle calculations. As 2
firant step, we used a randomly popula:ed elliptical
bunch vhich was :25° vide and *10 keV high with ne
transverse emittance (as we found that transverse emit-
tance had no significant effect oa the results) tc de-
ternine how the emittance developed and how well the
beam was matched. These runs showed that --25° was not
a good injection point. The beam developed halos and
became filamented because one edge of the >unch was too
cloge to the left edge of the acceptance. Moving the
beam to -16° gave more cohesiveness and no taila. Tilt
2 gave the best results at this stage; this was satls-
fying because the field distribution for this tilt is
the closest to the design conditions in the center of
the tank.

For the last step in determining the optimum oper-
ating conditions, we did calculations for a mono-ener-
getic dc beam with no transversec emittance which tra-
versed two bunchers (with no space charge). As noted
prcviously, some particles that are no longer being
accelerated will be transported through tack 2, These
perticles are present in experimental measurements and
rust be conaidered. Hcwever, they are soca to be lost
and thus should not confuse the issue of &3 optizun
tune for the accelerated beam. Hence, we calcula:e
enitta.ce areas for the accelerated particles only and
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Coniclunies

It has been dui-onstrated th.l moaeling ol an exist-
ing sccelerator If possitle within tac frizoaers af
practical beaz-fvnz-1cs Jofputaticail LeaIs, and that
the model csé1 S¢ vf conciateralle v 10 undeectauding
olrerved behzv.cr ond rlrdins eptirum cucbinatlons of
the controllatice vari_u.ie..

The nodel descrioed hove was derived and used in
on engineering scusc, with pihv-ical diwensions, ficlds,
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Fig. 1 Experiorntal (=) and FAIZILA (°*°) genera:ed

amplitude scane for tilt 1, at 3 injection
encrgies.
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Fig, 2 Cutoffs va injection energy for sevoral tiles.
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Fig. 3 Design tield and actusl field from beadpull
tile 2.

an? ke Lo, teasare? as oaccurately as fozsible ancdi u-ed
direct)?,  Lhe b thaenis of & peseille orrer 13 the
C~v high v it .- read izor tie volrage divider was
necen-ary to achio te o 2631 fic. In other respectas
the rodellig i¢ =« ral, afurvard. 1'2 model 15 quite
spueific to tie & asure-ente uscd; i.e., 1% i€ sensi-
wlve tO roafurement erreors. Hewever, tlic Insistence
upon a giuhal fit e the doats and the achicvemest ef
it indlcate to v= that cx.tematic (r-ors have preba.ly
biren ¢lim1uated nd thal the rerairing rardoz errcrs
¢o not dilute the a_efulne:s of ilo results, Exten-
sicn te higher current operation including space ctarge
snGuld now Le pcrsille.
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Fig. 4 lesign ve actual acceptance of tank 1.

Fig. 5 Calculated longitudiral cnmittance containing
90T end 100% of particles injected in an el-
lipse of 225°, 210 keV centered at 758 ke\' and
¢_-16".
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Pig. 6 Actual performance at injection of 736 keY,
=42*, showing fraction of beam within phase
spread at 43 MeV as functicn of tank 1 rf field
level,



